We experimentally observed the fast relaxation and relatively slow recombination dynamics of photogenerated electrons/holes in an epitaxial graphene-on-Si heterostructure. The result is interpreted as an amplified stimulated THz emission and well supports the occurrence of negative dynamic conductivity in the terahertz spectral ranges.
Introduction
Graphene is a single-layer carbon-atomic honeycomb lattice crystal. Electrons and holes in graphene hold a linear dispersion relation with zero bandgap, resulting in peculiar features like negative-dynamic conductivity in the terahertz (THz) spectral range under optical pumping [1, 2] . A very fast relaxation of the optical phonon emission and relatively slow recombination results in a gain or negative dynamic conductivity in THz range when pumping intensity exceeds a threshold. In this paper, we'll show the theory and experimental results of THz amplified coherent emission from optically pumped epitaxial graphene heterostructures. Re Re Re
Theoretical Model
 the momentum relaxation time of electrons and holes. Re   exhibits a minimum at . 
Experimental
We measured the carrier relaxation and recombination dynamics in optically pumped epitaxial graphene-on-silicon (GOS) heterostructures using THz time-domain spectroscopy based on an optical pump/THz&optical probe technique. An ultra-thin graphene layer was grown by the thermal decomposition of an 80-nm-thick 3C-SiC film heteroepitaxially grown on a B-doped Si(110) substrate [3] . Its 2D-band Raman spectra proven the existence of monolayer and bilayer of graphene, and the G-band spectra at 1595 cm -1 corresponds to the optical phonon energy . A 1545-nm, 20-MHz, 80-fs pulsed fiber laser beam was impinged to the sample and a CdTe crystal placed on the sample (normal to the surface, see Fig. 3 ). The THz probe pulse, which is supplied by emission of coherent-phonon-polariton (dominant LO phonon at 5.1 THz and weak TO and soft TO phonons at 4.3 and 2.1 THz, respectively) or optical rectification in the CdTe, stimulate the emission of THz photons from the GOS. Its photon spectra estimated from the original laser spectra is shown in Fig. 4 . Time-resolved electric-field intensity originated from the THz photon emission was electrooptically sampled in total-reflection geometry [4] . We have observed the coherent THz emission from CdTe with/without the GOS sample. The emission spectrum from the CdTe only shows a dominant peak around 5 THz and weak side-lobe extended down to below 1 THz (Fig.  5) . On the other hand, the result with graphene fairly traces the above-mentioned THz photon spectrum estimated from the pumping photon spectra and includes an additional peak around 5 THz (Fig.3) . It is interpreted that the THz emission from graphene is stimulated by the coherent THz probe radiation originated from the phononpolariton in Raman-active CdTe excited by the pump laser beam, and exhibited an amplification owing to the photoelectron/hole recombination in the range of the THz negative dynamic conductivity.
Conclusion
We experimentally observed an amplified stimulated THz emission from an epitaxial graphene heterostructure. The result well supports the occurrence of negative dynamic conductivity leading to a new type of THz lasers. Fig. 2 . Calculated real part of the conductivity in optically- Fig. 3 . Optical-pump and THz/optical-probe scheme for observation pumped graphene.
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